Highly charged ions are formed in the center of composite clusters by strong free-electron laser pulses and they emit fluorescence on a femtosecond time scale before competing recombination leads to neutralization of the nanoplasma core. In contrast to mass spectrometry that detects remnants of the interaction, fluorescence in the extreme ultraviolet spectral range provides fingerprints of transient states of high energy density matter. Spectra from clusters consisting of a xenon core and a surrounding argon shell show that a small fraction of the fluorescence signal comes from multiply charged xenon ions in the cluster core. Initially, these ions are as highly charged as the ions in the outer shells of pure xenon clusters with charge states up to at least 11þ.
Structure and dynamics of matter interacting with strong laser pulses raised a lot of interest in the last decade, because new experimental regimes became accessible that push investigations to new boundaries: (i) x rays provide atomic spatial resolution in diffraction experiments and photoionize inner-shell electrons, giving element-specific information; (ii) a high photon flux allows us to collect a scattering signal from small, dilute, or nonperiodic systems and to deposit a large number of x-ray photons per atom generating extreme states of matter far from equilibrium; (iii) ultrashort light pulses make it possible to study phase transitions and structural changes in real time. Each of these aspects enables novel research but even more possibilities for experiments open up if they are all available simultaneously as in the case of short-wavelength free-electron lasers (FELs) [1] [2] [3] [4] . A proposed revolutionary application of FELs is the imaging of a single molecule in a single light pulse [5] . Coherent diffraction imaging promises to reveal the structure of molecules which cannot be prepared in crystalline form. Time-resolved pump-probe schemes enable experiments which are often advertised as recording "molecular movies." However, a severe challenge is the damage done to the molecule by the light pulse. Besides elastic scattering by bound electrons, strong ionization takes place and the molecule is destroyed. It is an open question whether sufficient scattering signal can be detected before the molecule disintegrates. One possible way to alleviate this problem is adding a tamper layer around the molecule which slows down the expansion [6] . At this point, cluster science comes into play. Clusters can be used as nanoscopic model systems to measure how much energy is absorbed. Because they are surrounded by vacuum, no energy can dissipate out of the system. In particular rare-gas clusters can be easily generated by expanding gas through a nozzle. Their relatively simple structure makes them accessible via theoretical calculations [7, 8] . Last but not least, it is possible to test the effect of tamper layers, as so-called core-shell clusters can be generated, with a core consisting of one element surrounded by a shell consisting of another element [9, 10] .
In this Letter we report FEL-induced fluorescence spectra from Xe, Ar, and Xe-core-Ar-shell clusters in the extreme ultraviolet (XUV) spectral range. The experiments are conducted at the soft x-ray free-electron laser in Hamburg (FLASH) [1] . The excitation wavelength of 13.5 nm is resonant with the 4d electron shell of Xe. The experimental setup shown in Fig. 1 is described in detail in [11] . For the current investigation a few modifications have been made. These concern mainly the fluorescence detection that will be described in the following. Briefly, a multilayer mirror with a focal length of 450 mm reflects the FEL beam at almost normal incidence which results in a beam waist of d ≈ 2.5 μm (full width at half maximum). At typical pulse durations of 150 fs and an average pulse energy above 100 μJ the power density exceeds 10 15 W=cm 2 with a typical shot-to-shot fluctuation of 30%-40% [1] . This causes massive absorption of at least 17 photons per Xe atom [12] . The pulse intensity in the interaction region can be changed by moving the focus along the FEL axis. The cluster beam intersects with the FEL beam almost perpendicularly. The interaction results in the emission of fluorescence photons from multiply charged ions. For energy-resolved photon detection a grazing incidence spectrometer is mounted perpendicular to both the FEL beam and the cluster beam. A toroidal diffraction grating with variable line spacing and an average of 450 lines=mm diffracts and focuses the fluorescence onto an XUV-sensitive CCD camera. The flat-field spectrometer detects fluorescence in a wide wavelength range from 10 to 76 nm. Its overall detection efficiency is about 1 × 10 −7 including acceptance angle, grating efficiency, and camera sensitivity according to simulations. The measured resolution is about 0.2 nm over the covered spectral range. Pure clusters were produced by adiabatic expansion of rare gases through a pulsed 100 μm conical nozzle with a half-opening angle of 15°. The average cluster sizeN was controlled by adjusting the stagnation pressure [13] . For Xe,N was varied between about 260 and 19 000 atoms. Average cluster sizes of Ar were varied between about 40 and 6000 atoms. The coreshell clusters are prepared by coexpansion of a gas mixture. With the cluster source used in this experiment well defined, core-shell structures can be produced by expanding a mix of 1%-5% Xe in Ar [14, 15] . A core of Xe atoms nucleates on the inside surrounded by Ar atoms at the surface of the clusters due to differences in binding energies and melting points of the constituents. The thickness of the Ar surface layer depends sensitively on the Xe concentration which is 2% in the present experiments. Adiabatic expansion at room temperature and 6.5 bar stagnation pressure generates clusters of about 400 Ar atoms with an embedded core of about 80 Xe atoms.
A typical fluorescence spectrum of pure Xe and Ar clusters is plotted in Figs. 2(a) and 2(b), respectively. Here, an exposure time of 2 min was used, equal to an accumulation over 1200 FEL shots. For each exposure time, we record a background image, where the FEL enters the chamber but the cluster source was turned off. The background image was subtracted from each spectrum to ensure that stray light of the FEL hitting surfaces within the chamber did not have an effect on the spectra. The raw data is integrated vertically in a narrow region, as indicated by the green rectangle in Fig. 2 , to retrieve a spectrum. This region represents the dimension along the FEL beam axis which can be properly focused by the spectrometer grating and which is smaller than the Rayleigh length z 0 ¼ 1.1 mm of the focusing optics. For a quantitative analysis of the spectra, wavelength-dependent efficiency of the spectrometer was taken into account. This includes both the transmission of the grating and the sensitivity of the x-ray CCD. The assignment of charge states is possible by searching for correlations in the FEL power density dependence of fluorescence line intensities in comparison with available data from atomic spectra [16] [17] [18] . In the experiments on pure Xe clusters, charge states up to at least 11þ were detected. The Ar cluster fluorescence reveals maximum charge states of up to 7þ. The detected Ar charge states are lower due to both the higher ionization potential of Ar and the difference in the atomic photoabsorption cross section of 24.7 Mb for Xe compared with 1.4 Mb for Ar at a wavelength of 13.5 nm. XUV fluorescence is known as a powerful tool to obtain information on electron density and temperature of plasmas generated from solid samples where the plasma environment induces line broadening, shifts, or population changes [19] . However, these effects are too small to be discernible in our experiment. The radiative decay in a transient cluster nanoplasma is affected by two competing dynamic processes of (a) nonradiative recombination and (b) complete disintegration of the clusters. The latter is driven by Coulomb explosion of the ionic shell and hydrodynamic expansion of the nanoplasma core; see, e.g., [20] and references therein. Under the present experimental condition a cluster plasma comprising a few thousand atoms doubles its radius within 1-2 ps [7] . In both cases of pure Ar and Xe clusters interacting with strong fs FEL pulses, fluorescence is predominantly emitted from a shell of highly charged ions on the surface of the cluster during the disintegration when the number density has already significantly decreased. The fraction of surface atoms decreases with increasing cluster size as can be seen in the reduced fluorescence yield per atom in Fig. 2(c) , while the spectral distribution hardly changes.
To push the experimental sensitivity toward processes that occur inside the cluster ion core on the sub-ps time scale when the core is still close to its initial geometry, we performed complementary fluorescence experiments on Xe-core-Ar-shell clusters. In the past, various experimental and theoretical studies have been performed on FELinduced ultrafast nanoplasma dynamics [7, 8, [21] [22] [23] [24] [25] [26] . In most cases ion spectra were evaluated that have been recorded with time-of-flight (TOF) techniques. By choosing adequate static electric extraction fields, virtually all ions which result from the total disintegration of the cluster can be collected and guided to the detector. The method allows us to determine the charge state of ions by measuring their flight time from the interaction region to the detector. Even though the photoionization probability of the Xe core is significantly larger than that of the surrounding Ar shell, high Xe charge states from the coreshell cluster are absent in TOF spectra [27] . This gives experimental evidence that electrons are efficiently transferred to the cluster center. In agreement with theoretical work [28] , the quasifree electrons that are ionized from individual atoms but have not left the cluster as a whole recombine to a large extent with ions in the cluster core. From the detection of remnants of the FEL-cluster interaction, it is concluded that indeed the positive charge is concentrated on a shell on the outside of the cluster, which explodes off due to the Coulomb forces, whereas the cluster core expands hydrodynamically at somewhat slower speed [29] .
It is important to note that using mass spectrometry has significant implications: microseconds pass from the creation of the ions to their reaching of the detector, enough time for postinteraction processes to take place such as delayed electron emission during the cluster expansion. Second, the electrostatic fields of a few kV=cm may alter the experimental observation [30] . Finally, space charge in dense cluster beams may affect the measured kinetic energy distributions, leading to an overestimate of the absorbed energy. Nonetheless, as ions are initially created and recombine in the evolving nanoplasma, there is also a chance of their immediate decay emitting a fluorescence photon [31] , while the cluster is much closer to its unperturbed geometry. In other words, the time-integrated fluorescence signal also contains fingerprints from the earliest stage of the FEL cluster interaction. The welldefined radial distribution of different elements in Xe-core and Ar-shell clusters allows to disentangle directly the radiative decay of the Coulomb exploding cluster ion surface (Ar) from fluorescence that stems from the center of the Xe nanoplasma core because the characteristic shortwavelength fluorescence appears in different spectral ranges. Ar 7þ predominantly emits at wavelengths longer than 12 nm, whereas Xe qþ with q > 10þ shows dominant fluorescence below 12 nm. Most importantly, by analyzing the characteristic radiative transitions of Xe ions, we gain direct insight into the charge states that are initially created upon resonant excitation of the Xe core by the FEL. This information is hidden and not observable in TOF ion spectra. We note that our experimental parameters as well as the beam geometry and focusing optics are virtually the same as those in the ion TOF spectroscopic studies of coreshell clusters [27] . Nevertheless, in the present fluorescence experiment the highest observed charge state is slightly higher than those observed in previous mass spectra due to the higher FEL fluence (longer pulses) and therefore higher deposited energy. Notwithstanding these differences the application of fluorescence spectroscopy provides novel, complementary information on the ionization state of composite clusters. Figure 3 shows a comparison between fluorescence spectra of core-shell clusters and pure Ar clusters. The relative line intensities vary between both spectra, but most lines which appear in the core-shell spectrum are also present in the pure Ar spectrum. This means that the vast majority of the spectrum consists of fluorescence from Ar ions, which were situated in the cluster shell. The evaluation of the relative change in line intensities is shown in the inset of Fig. 3 . It turns out that the Ar charge state distribution shifts to higher values for core-shell clusters compared to pure Ar clusters due to the higher absorption and ionization cross section of the Xe cluster ion core. More importantly, Xe-core-Ar-shell clusters emit at short wavelengths between 10.5 and 12 nm. This signal is absent in pure Ar clusters as can be seen. The wavelength range in which additional transitions appear is presented in Fig. 4 . We assign the fluorescence at short wavelength to the Xe ion core because it coincides with the most prominent emission lines in the pure Xe spectra. To corroborate this finding the core-shell spectrum is emulated by combining available spectra of pure Ar clusters (430 atoms) and pure Xe clusters (260 atoms). Whereas the Ar cluster is close to the size of the core-shell system the embedded Xe cluster is somewhat smaller. The spectral distribution of pure clusters exhibit only a weak dependence on the cluster size, though. In addition, a pure cluster shows different ionization and disintegration dynamics than a cluster core of the same size embedded in a larger shell. Therefore, we chose a larger Xe cluster as reference to account for the role of the Ar shell in the induced dynamics. The normalization factor is derived by an analysis of the elastic Rayleigh scattering signal in each spectrum. The resulting sum of the normalized Xe spectrum and the Ar spectrum is included in Fig. 4 in comparison to the measured spectra of core-shell clusters and pure Ar clusters. There is a clear similarity in the structures between 10.5 and 12 nm of the measured coreshell spectrum and the emulated one. We note that the interaction between the two constituents cannot be replicated by this method. Nevertheless, the result is clear evidence of the transient presence of highly charged Xe >10þ ions in the core-shell cluster. The Xe charge states observed in the core-shell cluster fluorescence are just as high as those in pure Xe spectra. This is a stark contrast to mass spectra, which detect much lower final charge states compared to pure clusters [27] . This proves that the signal must come from the cluster core. Furthermore, the detected plasma fluorescence must occur fast, before it is efficiently suppressed in the center of the nanoplasma due to nonradiative recombination on a sub-ps time scale [28] . We note, that the Xe cluster core comprises only 80 ions which means that the core radius is doubled within 100-200 fs upon explosion [7] and the density of quasifree electrons, i.e., the recombination rate drops accordingly. If the highly charged Xe ions were still present after the cluster has significantly expanded, these charge states would also be present in the TOF ion spectra [27] .
In summary, the ionization dynamics of Xe clusters coated with an Ar tamper layer exposed to FEL pulses at 10 15 W=cm 2 has been studied with XUV fluorescence spectroscopy. The experiments give direct evidence thatin addition to the multiply charged Ar surface which Coulomb explodes and finally leads to fluorescence from individual ions-also the resonantly excited Xe core is initially highly charged. During the FEL interaction and before disintegration, Xe charge states above q > 10 are generated and could clearly be identified by their characteristic radiative transitions. Therefore, XUV fluorescence spectroscopy probes ultrafast radiative decay of highly charged ions in a time window which is not accessible by conventional time-of-flight mass spectrometry. In agreement with theory, the latter traces remnants of the interaction, where electron thermalization followed by nonradiative recombination has already produced significantly lower charge states of mainly Xe þ and Xe 2þ , Comparison of the measured Xe-coreAr-shell spectrum, the pure Ar and Xe spectra and the spectrum synthesized from the Ar-and a normalized Xe spectrum. The Xecore-Ar-shell spectrum and the synthesized spectrum show reasonable agreement at short wavelengths where Xe charge states of at least 11þ appear. The pictographs illustrate that the time-integrated fluorescence spectrum of Xe-core-Ar-shell clusters provides information on the highly charged Xe core from early times of the interaction (left), as well as information on the Ar-shell upon Coulomb explosion (right).
respectively. Thus, a sacrificial tamper layer provides an efficient electron source for partial neutralization of highly charged ions created in the center. The significant reduction of charge states increases the available time for recording a diffraction pattern in coherent imaging experiments.
